Mass distribution in a sucrose gradient of deoxyribonucleic acid (DNA) fragments arising as a result of random breaks is predicted by analytical means from which computer evaluations are plotted. The analytical results are compared with the results of verifying experiments: (i) a Monte Carlo computer experiment in which simulated molecules of DNA were individuals of unit length subjected to random "breaks" applied by a random number generator, and (ii) an in vitro experiment in which molecules of T4 DNA, highly labeled with 32p, were stored in liquid nitrogen for variable periods of time during which a precisely known number of 32P atoms decayed, causing single-stranded breaks. The distribution of sizes of the resulting fragments was measured in an alkaline sucrose gradient. The profiles obtained in this fashion were compared with the mathematical predictions. Both experiments agree with the analytical approach and thus permit the use of the graphs obtained from the latter as a means of determining the average number of random breaks in DNA from distributions obtained experimentally in a sucrose gradient. An example of the application of this procedure to a previously unresolved problem is provided in the case of DNA from ultraviolet-irradiated phage which undergoes a dose-dependent intracellular breakdown. The relationship between the number of lethal hits and the number of single-stranded breaks was not previously established. A comparison of the calculated number of nicks per strand of DNA with the known dose in phage-lethal hits reveals a relationship closely approximating one lethal hit to one single-stranded break.
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Integral molecules of T4 deoxyribonucleic acid (DNA) band in a sucrose gradient so as to form a relatively sharp, symmetrical peak. Burgi and Hershey (1) devised a formula which relates the distance sedimented to the molecular weights of the series of homogeneous fragments resulting from the application of hydrodynamic shear; under appropriate conditions this treatment causes the molecules to be broken in the middle, halving the molecular weights. Breaks which occur in vivo, however, are more likely to be randomly, or nearly randomly, distributed over the length of the molecule. (The distinction between random and nearly random may best be made with an example of the latter. The production of ultraviolet-induced thymine dimers requires adjacent thymine residues. This would occur randomly if DNA were made up of randomly selected bases. I Preset address: Department of Statistics and O/R, University of Pennsylvania, Philadelphia. 2 Fig. 1 for various values of X. This approach is similar to those presented by Shahn and Kozinski (8) and Rupp and HowardFlanders (7). It differs from the first in being analytic objective of this paper to develop such a procedure.
A calculation of the size distribution of fragments resulting from random breaks was recently completed by Litwin, who provides a complete discussion of the equations presented in Fig. 1 (S. Litwin, in press). These equations differ from those of Rupp and Howard-Flanders (7) in that no restriction is placed on the number of nicks; the calculation of Rupp and Howard-Flanders applies reasonably well only when the average number of breaks is large. [Calculations of the size distribution resulting from random breaks in macromolecules have also been made by Shahn and Kozinski (8) and considerably earlier by Charlesby (2), but, as neither of these was correlated with sedimentation studies, they are not of importance here.] The distribution of the fragments in an ideal sucrose gradient was determined by using the Burgi-Hershey relationship between molecular weight and the distance sedimented from the top of a linear sucrose gradient (1). Assuming that the material sedimenting a given distance would actually be distributed normally about that distance, it was possible to construct theoretical profiles of the distributions expected for any value of the average number of breaks sustained by a population of molecules. This assumption is an empirical approach to the observed situation, and as such is meant to include such concurrent effects as diffusion and the finite size of the layer containing the sample. However, the time scale of the sucrose sedimentations precludes any significant molecular weight dependence of the width of the curves for the ranges of molecular weights considered (10:1). Thus the same width was used throughout the molecular weight range of the calculation. These profiles are presented in Fig. 1 for several values of this average number of breaks, X. Finally the peak valueswere determined analytically and were used to construct a curve in which X is plotted against D2/D1, where D2 equals the distance from the top of the gradient sedimented by an unknown sample and DI equals the distance from the top of the gradient sedimented by DNA molecules of unit length (uncut, nonbroken, integral The results drawn by the computer are shown here in a form that enables one to read directly the average number ofbreaks r-esponsible for a peak sedimenting a given distance relative to that sedimented by integral molecules, and thus serves as a nomogram.
population of individuals of a unit length, each of which receives random "breaks" introduced by a random number generator.
The second is an in vitro experiment in which T4 DNA molecules are labeled with 32p of a high, known specific activity. The denatured molecules are stored and the 32p is allowed to decay, producing single-stranded breaks (8) which, considering the random incorporation of 32P into the molecule and the random decays, are assumed to be perfectly randomly distributed over the length of the DNA molecule. (There are many other feasible means of randomly breaking molecules.
The best example could be endonuclease I; however, quantifying the number of nicks would be much more difficult and a bias toward a certain run of bases could not be excluded.)
An example of the application of the method for determining from a sucrose gradient distribution the number of random nicks in a DNA molecule will be described. A reevaluation of our previously published results (4) allows us to produce an interesting correlation of one ultraviolet phage-lethal hit, and one single-stranded break in DNA.
MATERIALS AND METHODS All material and methods used for 32p labeling and sucrose gradient analysis were identical to those presented earlier (8) . The computer methods and analytical methods should be divided into two categories: (i) the analysis leading to the equation described in Fig. 1 and (ii) The program used to simulate the distribution of fragments in a sucrose gradient when "unit length" DNA strands are subjected to an average of X breaks is as follows.
(i) A computer random number generator is used to obtain a random integer, N, from the Poisson distribution having mean value X. This number is to be the number of nicks in the current strand.
(ii) The random number generator is further used to obtain N random samples from the uniform distribution over the unit interval. These N numbers, having values between 0 and 1, will be independently assigned and represent the positions at which this strand is to be broken.
(iii) The N + 1 fragments formed are "measured" by the computer, and their sedimentation distances are determined by use of the BurgiHershey relation.
(iv) Unit length, or uncut single strands are assumed to sediment a unit distance. The interval from the top of the gradient to this unit distance is divided into 100 subintervals or fractions. The length of each fragment measured in step iii is added to the length of all prior fragments having the same sedimentation distance.
(v) When all fragments from a particular molecule have been accounted for, the simulation goes back to step i, and the process is repeated for another molecule having new random numbers of breaks at new random positions. The process ends when 105 strands have been treated in this way for any specified value of X.
(vi) When the above steps are over, the results (i.e., total length in each fraction) are normalized and plotted as shown by the "choppy" curves of Fig. 3 . Figure 3 The most serious effect on this experiment of using computer-generated, pseudo-random numbers is a possible serial correlation between successive numbers. This would seriously alter the pattern of breaks placed on a unit-length strand. To guard against this effect, the computer produced a large number of random numbers, then "shuffled" them, prior to their use as break locations. The figure of merit suggested by Marsalgia (6) DNA was extracted from radioactive phages and stored in liquid nitrogen in a denatured form. After sufficient 32p decay, resulting in a calculable number of breaks, samples of the DNA were mixed with fresh 3H-labeled DNA (size 1, reference) and layered on an alkaline sucrose gradient. After centrifugation, fractions were collected and both 3H and 32p counts were determined in a scintillation spectrometer. Typical results are shown in Fig. 4 . Table 2 summarizes data from a similar experiment, with the number of 32p atoms decayed per strand similar to those shown in Fig. 4 . To emphasize the individual error in estimating the peak locations, and thus the deviations in estimating the calculated number of breaks, two observers calculated nicks independently. In doing this, they essentially determined the location of the peaks. For the Gaussian distributions shown in Fig. 1 , this amounted to locating the highest points on the curves; in practice the centers of the peaks were estimated in a nonrigorous fashion. Similar analyses (8) showed this to vary remarkably little from a second-moment averaging procedure.
It is immediately apparent that, with an increasing number of nicks, the peak representing the distribution of the fragmented material in the sucrose gradient sediments more slowly and sharpens. This is interpreted as being due to the decreased size and the increased homogeneity in the distribution of the fragments. Both of these results are predicted by the calculation shown in I ug/ml was layered on a S-ml, 5 to 20% alkaline sucrose gradient and centrifuged for 4 hr at 27,000 revl min. Three-drop fractions were collected from the bottoms of the tubes and counted in a liquid scintillation spectrometer. The obvious question which remains unanswered by the above discussion regards the appreciable (perhaps 20%) amount of the radioactivity which appears at the top of the experimental gradients and may be referred to as "small fragments." We believe that this "meniscus effect" is due to a combination of artifacts such as tube shape, the fact that one is collecting only from the point at the bottom of the tube, possible radioactive contamination included with the sample, and so forth, all of which are neglected in the theoretical calculation. We have seen this behavior in almost all gradients run in our laboratories on material which has not been extensively purified. We believe that the agreement shown in Fig. 4 justifies the use of this technique as a means of determining the average number of nicks sustained by a population of DNA molecules.
Application of the analytically obtained standard curves for the determination of an unknown number of nicks. An immediate application of the technique described above was presented by Kozinski and Lorkiewicz (4) , who discussed the hostmediated nicking of ultraviolet-damaged T4 DNA. 32P-labeled phages were exposed to several lethal hits of ultraviolet radiation. DNA was extracted from free phages or from infected bacteria at 3 min after infection. Analysis of the integrity of the ultraviolet-irradiated DNA in alkaline sucrose gradients showed no decrease in the size of the DNA from free phage, as compared with reference intact molecules, whereas there was an immediate decrease in size in intracellular DNA extracted from bacteria at 3 min after infection. When these results were published, we were unable to calculate the average number of nicks which resulted in observed decrease of size (see Fig. 3, reference 4) . Using the standard curve presented in Fig. 2 , we reexamined these data and interpreted them in terms of the number of nicks which caused the degradation. This is presented in Table 3 along with the number of hits sustained by the phage. The similarity of the two columns suggests that the ultraviolet-induced phage lethal hit could be ascribed to a single-stranded break indirectly generated by host-excising enzymes. This relationship will not be discussed here.
DISCUSSION
While observing the fate of T4 DNA, or for that matter any other phage inside the host, one can see under certain experimental conditions a drastic decrease in the size of the parental DNA. This can occur at specific times after infection (5), in the nonpermissive host after infection with amber mutants (3), or after infection with ultraviolet-irradiated phage (4) . There are obviously many examples that could be cited. Although the mere fact that the decrease in molecular size leaves no doubt that the DNA has been broken, a method of estimating the number of randomly occurring breaking events had to be developed.
An analytical approach for characterizing the distribution of fragments resulting from random breaks will be extensively described by Litwin (J. Appl. Prob., in press). In the present paper, two approaches verifying those analytical derivations are presented. In a computer experiment, a molecule of DNA was simulated as a line of unit length which can be randomly broken by using a random number generator. The distribution resulting from applying this procedure to a large number of simulated molecules was plotted on a D2/D1 scale. In Fig. 3 this has been superim- posed on a plot ofideal distributions shown in Fig.  1 . It is immediately obvious that a "choppy" line corresponding to the distribution of mass in the Monte Carlo experiment overlaps extremely well with the theoretical profiles. An additional graph (Fig. 3) was plotted corresponding to the prediction of Rupp and Howard-Flanders for two breaks. It is clear that the Monte Carlo experimental results do not coincide with this profile. For a greater number of nicks, the profiles of Rupp and Howard-Flanders become increasingly similar to those shown in Fig. 1 (see Table 1 ). The Monte Carlo experiment confirms the theoretical analysis.
The second approach was to perform an experiment in vitro in which a known number of singlestranded breaks were randomly distributed along the polynucleotide chain. The method of choice is the use of 82p scissions which occur randomly, introducing single-stranded breaks, the average number of which can be measured. Analysis in an alkaline sucrose gradient of the distribution and the location of the peaks of fragments resulting from those 32p scissions revealed a good agreement with the average number of 32p atoms decayed per strand and the calculated number of single-stranded breaks (see inserts in panels of Fig. 4 and Table 2 ).
In summarizing these two parts of the verifying experiments, we feel confident that either Fig. 1 or Fig. 2 can be used successfully as a nomogram for estimating the number of random breaks resulting in the distributions observed in a sucrose gradient. This of course is true only if one is reasonably convinced about the randomness of the breaks. Conversely, the distributions represented in Fig. 1 may easily serve as a means of excluding random breaks. For instance, a curve having two distinct peaks, each smaller than size 1, obviously arises as a result of a nonrandom distribution of breaks within the population of the analyzed molecules.
Our previously published data on host-mediated nicking of ultraviolet-irradiated T4 DNA (4) were reanalyzed by using the procedures developed here. Examination of this data reveals a rather close correspondence between the number of lethal hits and the number of single-strand breaks. One lethal hit is correlated with one single-stranded break. Further elaboration on the biological implications of this finding would be out of place in the present context and will be presented in a future paper.
